R
ENAL INSUFFICIENCY IS RELAtively common among hospitalized patients, and is associated with an increase in hospitalization-related morbidity and mortality. [1] [2] [3] [4] Persons with acute and chronic renal insufficiency are hospitalized with increased frequency compared with those nonaffected, due to renal disease per se, and to the effects of renal insufficiency on other medical conditions, including congestive heart failure and chronic liver disease. 5, 6 Practitioners caring for these patients are faced with the challenges of managing the complex interplay between renal insufficiency and other organ system disease, and of altering diagnostic studies (eg, angiography) and therapeutics to avoid further renal injury. With regard to renal insufficiency and pharmacotherapeutics, the majority of clinicians' attention has been directed at avoiding nephrotoxic drugs in patients at risk for worsening renal failure; comparatively little attention has been paid to the disposition of drugs, nephrotoxic and nonnephrotoxic, in patients with renal insufficiency. In prescribing drugs for patients with renal insufficiency, most practitioners rely on their clinical experience or the advice of consultant physicians or pharmacists to guide dosing regimens. Since few clinicians are expert in this area, and medication orders can rarely be delayed until consultation is obtained, the capacity to provide information on drug disposition in real time might be of great value to the practicing clinician and the patient.
The problem of error in medicine has been found to be important and costly. 7 Adverse drug events (ADEs) are common and often associated with errors. 8 Even basic computerization of physician ordering with relatively little decision support was associated with a 55% decrease in serious medication errors, and an 84% decrease in near misses or potential ADEs in 1 study by our group. 9 However, only a 17% decrease was seen in preventable ADEs. The study suggested that computerized advice regarding the dosing of drugs in the setting of renal insufficiency might be among the most potent additional preventive strategies. 10 Thus, we hypothesized that the incorporation of guided dosing algorithms for inpatients with renal insufficiency into an existing computer order entry system would result in a larger proportion of appropriate dose and frequency orders, and would be associated with shorter lengths of stay (LOS), lower costs, and a lower frequency of worsening renal function.
METHODS

Study Setting
The study was carried out at Brigham and Women's Hospital, a 720-bed urban tertiary care academic medical center in Boston, Mass. The Brigham Integrated Computing System (BICS) provides administrative and clinical computing services at BWH. All inpatient orders are entered into BICS, including orders for medications, laboratory and radiology studies, and for nursing interventions. The BICS order entry application provides the physician with a range of possible dose amounts for that medication (dose list) along with 1 dose that is highlighted as the default or recommended dose amount (FIGURE 1A). The clinician is also offered a highlighted frequency as the recommended dosing interval ( Figure 1B ). The clinician can also hit an additional key to see the data used for calculation of creatinine clearance. Nearly all laboratory, radiology, and pathology results, admission vital signs (including weight), and demographic information can be accessed.
The BICS system had for some years contained an on-line, noninteractive version that could be accessed separately from the order entry system. In an attempt to enhance the impact of this application within the BICS, its internal logic was integrated with the computerized laboratory results reporting system, and was incorporated into the order entry system. Based on information already in the reporting system, the new application first determined whether a patient had renal insufficiency, defined as an estimated creatinine clearance of less than 80 mL/min (1.34 mL/s), by the Cockroft-Gault equation. 11 Next, based on the real-time calculation of the estimated creatinine clearance and the drug being prescribed, the application would modify the above-described dose list, default dose amount, and default frequency (dosing interval) in the BICS (FIGURE 2).
Knowledge Base
After reviewing the relevant literature, an expert panel including a nephrologist, a pharmacist, and a general internist con- The dose and dose frequency lists in which defaults were chosen by the system were based on a simulated patient's estimated creatinine clearance.
vened to review all medications in the hospital's drug formulary and selected those medications that were renally cleared and/or nephrotoxic. New dosing suggestions were generated in a subset of approximately 500 medications (approximately 2500 in total). To smooth dose recommendations, renal insufficiency was divided into 3 categories: mild (estimated creatinine clearance, 50-80 mL /min [0.84-1.34 mL / s]), moderate (estimated creatinine clearance, 16-49 mL/min [0.27-0.82 mL/ s]), and advanced (estimated creatinine clearance, Յ15 mL/min [Յ0.25 mL/s]). The expert panel then determined optimal adjustments in dose list, default dose amount, and default frequency for each of the medications in the application in each of the renal insufficiency categories. The nonfixed variables in the estimated creatinine clearance calculation (ie, weight, serum creatinine) were the weight entered by the nurse or physician into the BICS database on admission. The latest serum creatinine level was entered by the laboratory and updated regularly during the hospital stay.
Patient Population
All persons admitted to the medical, surgical (including subspecialty surgical services), neurology, and obstetrics and gynecology services between September 1997 and April 1998, whose admission and discharge were within the boundaries of 4 consecutive 2-month periods were included in the study. Admission periods did not overlap.
Intervention and Evaluation
When renal insufficiency was detected and any medication was ordered, the application potentially modified 1 or more of the dose list, default dose amount, and default frequency. To test the effect of this application, an intervention trial was designed. The study periods consisted of 4 alternating 8-week blocks of intervention and control subperiods. Throughout the intervention and control periods, the application was active, determining whether the dose list, default dose amount, and default frequency needed adjustments. During the intervention periods, the adjusted dose list, default dose amount, and default frequency were displayed to the orderentry user and a notation was provided that adjustments had been made based on renal insufficiency. During the control periods, these recommended adjustments were not revealed to the orderentry user, and the unadjusted parameters were instead displayed.
A log was kept of all instances in which an application medication was ordered and the application adjusted the dose list, default dose amount, and/or default frequency. A log was also kept of the order finally made by the ordering physician. A selection was considered appropriate if the dose amount or frequency interval did not exceed the parameters set forth by the expert panel.
If use of a particular medication was considered potentially harmful, the application would provide feedback to the ordering clinician, accompanied by a recommendation for a suitable substitute when appropriate. For instance, if meperidine hydrochloride were prescribed for a patient with an estimated creatinine clearance of less than 15 mL/ min (Ͻ0.25 mL/s), a warning regarding its potential for promoting seizures would be issued, with a suggestion that an alternative narcotic analgesic be prescribed. The clinician could then either accept or override such a recommendation.
Patient Outcomes
Patient outcomes were determined during discrete admissions. Length of stay was recorded in days. Hospital and pharmacy costs were estimated from billed charges and institution-specific charge-to-cost ratios.
Statistical Analysis
Continuous data were presented as mean (SD) or median (interquartile range), and compared with the t test or Wilcoxon rank-sum test, as appropriate. Categorical data were presented as proportions and compared using the 2 test. Multivariable linear regression analysis was used to compare LOS and costs (both log-transformed) in the intervention and control periods. Age, sex, and diagnosis related group (DRG) weight 12 were used as covariates in these analyses. In addition, we evaluated (using multiplicative interaction terms) whether the effect of the application intervention differed by age, sex, or DRG weight. To determine whether the exclusion of patients whose admission extended across study periods exerted any meaningful effects on the analyses of LOS, costs, and renal function, we repeated the analyses without these exclusions. Each patient was assigned to the group (intervention or control) based on the day of admission. All reported P values were based on 2-tailed tests of statistical significance. Analyses were conducted using SAS statistical software (SAS Institute Inc, Cary, NC).
RESULTS
Patients
There were 19982 admissions that either began or ended during the 8-month study period; we focused on the 17828 that were wholly contained within a study subperiod. There were 7887 (39.5%) admissions wholly contained in the 2 intervention periods and 9941 (49.7%) admissions wholly contained in the 2 control periods (corresponding to 58912 and 70821 patient-days, respectively). There were 2154 (10.8%) admissions that straddled a study-period boundary and were excluded. In-hospital mortality rates were 1.8% and 1.9% (intervention vs control, P=.61). Of the 97151 analyzable orders, the application generated a suggestion for the clinician in 14440 (15%). TABLE 1 shows a detailed array of these suggestions. TABLE 2 shows the proportion of orders deemed appropriate, stratified by whether the the application's suggestion was doserelated, frequency-related, or both. In the intervention vs control periods, the frequency of appropriate orders was 51% vs 30% for all relevant orders, 67% vs 54% for orders involving dose changes, and 59% vs 35% for orders involving frequency changes, respectively (PϽ.001 for all comparisons). The adjusted mean LOS (adjusted for age, sex, and DRG weight) remained significantly shorter during the intervention period, both when overlapping admissions were included (P=.002) and when they were excluded (PϽ.001). The effect of the application on LOS was attenuated at higher DRG weights (PϽ.001). In contrast, there were no significant differences in adjusted mean total or pharmacy costs between intervention and control periods.
LOS, Costs, and Renal Function
A 10-mL /min (0.17-mL /s) decrement in estimated creatinine clearance from admission to discharge was considered to be of clinical significance. The percentage of patients whose estimated creatinine clearance declined by more than 10 mL/min (0.17 mL/s) was 11.8% and 11.5% (intervention vs control, P=.43). The mean (SD) changes in estimated creatinine clearance were 1.9 (0.2) mL /min (0.03 [0.003] mL /s) and 2.3 (0.2) mL /min (0.04 [0.003] mL/s) during the corresponding periods (P=.18).
COMMENT
We were successful in designing and implementing a computer order entrybased application that provided realtime drug prescription decision support to physicians. Compared with control periods during which information was readily available on-line but not incorporated into the order-entry process, the application intervention led to a statistically significant and clinically meaningful increase in the proportion of prescriptions considered appropriate for inpatients with renal insufficiency.
The large improvements in appropriateness of dosing and frequency were probably realized in part because the application is largely transparent to the clinician. Its key characteristics are that it remembers a huge amount of data essentially impossible for clinicians to 13 developed an application that alerted physicians caring for inpatients when there was an increase in the patient's serum creatinine concentration. An alert was triggered by a 0.5 mg/dL (44.2 µmol/L) increase in serum creatinine if the patient was prescribed a potentially nephrotoxic medication (eg, aminoglycoside), and a 50% increase in serum creatinine, to at least 2.0 mg/dL (176.8 µmol/ L), if prescribed a medication that was renally excreted (eg, digoxin). The alert was delivered by e-mail to physicians who had accessed computer-based information on the affected patient in the 3 days preceding and following the increase in serum creatinine. The intervention resulted in a significant decrease in the frequency of more severe renal dysfunction, although fewer than half of the recipients (44%) found the alerts helpful and 28% found them "annoying." It is also noteworthy that Rind et al excluded patients on all services other than medicine, and all patients with preexisting moderate or severe renal insufficiency (serum creatinine Ͼ3.0
In another important study, one in a series evaluating the influence of computerized decision support, investigators at LDS Hospital in Salt Lake City, Utah, incorporated renal function assessment into an application that assisted physicians in prescribing antibiotics in an intensive care unit. 14 These authors found that the use of their program decreased the frequency of inappropriate antimicrobial prescriptions (ie, orders for drugs to which patients had reported allergies, antibiotic susceptibility mismatches, and excessive drug dosages), and ADEs. Among patients who received recommended regimens, there was a significant decrease in LOS and drug and total hospital costs. More recently, Nightingale et al 15 implemented a program in the renal unit of a British teaching hospital. Clinicians cancelled more than half of their orders when they were warned that the drug dosage they had requested was excessive. In the Nightingale et al study, there were no formal comparisons made between presystem and postsystem implementation periods with regard to appropriateness of orders, costs, complications, or hospital LOS.
The application used here differs from prior applications in that it is generalized to all hospitalized patients, provides suggestionsforawiderangeofdrugs,anddoes so in real time. Feedback is most likely to be successful if it is delivered in real time, and in close temporal proximity to the decisions being made. 9 As noted earlier, while we found that computerized physician order entry reduced the frequency of serious medication errors, it had a bigger impact on errors that did not actually causeinjurycomparedwiththosethatdid injure patients. 9 We believe-although thisneedstobevalidated-thatpartofthe reason for the larger impact on potential ADEs than actual ADEs was that the systems evaluated did not include sophisticated decision support, such as that pro- *Values presented as median (interquartile range) unless otherwise indicated. †An overlapping admission is defined as an admission spanning across intervention and control periods. For the purpose of the comparison, the admission was assigned to the group (intervention vs control) active on the first admission day. ‡Median (interquartile range) for intervention and control is 3 (2-6), although Wilcoxon rank-sum tests are significant due to differences in distribution. vided by the application described here. With widespread application of sophisticateddecisionsupport,majorreductions inADEfrequencyaswellasimprovements in efficiency should be possible.
It is unclear why LOS was reduced by the new application's activity. Typically, LOS is a downstream indicator of quality of care. Because of resource constraints, we were unable to evaluate the more subtle effects of the application. For example, avoidance of overdosing of selected drugs in elderly patients may have led to fewer central nervous system or gastrointestinal tract adverse effects or other complications. Alternatively, LOS may have been reduced by other severity factors, which were not adjusted for by age, sex, and DRG weights.
The application had no effect on costs, but an effect may have been present but obscured since all patients were included in the cost analyses. In other words, restricting the analytic population to individuals prescribed selected nephrotoxic or renally cleared medications might have allowed us to show a difference. Regardless, the application itself is inexpensive to implement within the context of an order-entry system, in contrast to other prescription-qualityimprovement programs, which generally have significant labor costs and require ongoing expenditure or the effect wanes.
Our study has several limitations. First, the intervention and control periods were not entirely analogous, since the number of admissions and the hospital census were higher during the control periods. The higher census may have prompted shorter LOS (in an effort to open beds), potentially decreasing the relative effect of the application on LOS. Second, the calculation of creatinine clearance by the Cockcroft-Gault formula may not accurately reflect renal function under nonsteady-state conditions (ie, with increasing or decreasing serum creatinine concentrations). In other words, the Cockcroft-Gault formula may overestimate renal function when the serum creatinine is increasing, and underestimate renal function when the serum creatinine is decreasing. However, this misclassification should have affected individuals equally during the intervention and control periods, and would tend to diminish the effect of any intervention toward the null. Third, we did not consider the degree to which individual orders differed from those considered optimal by the application's definitions. In other words, we would have expected that dose-list modification by the application would have led to a larger fraction of near-miss orders during intervention periods, but due to the immense number of orders and resource constraints, these were not calculated. Fourth, the program did not send notices (pages or e-mails) to clinicians as soon as it had evidence of worsening renal function, as did that of Rind et al, 13 but only alerted the clinician at the next occasion when the clinician was ordering a medication. Finally, since the intervention was tested at a teaching hospital where house officers write the majority of medication orders, the results may not be generalizable to other, nonteaching hospital settings.
In summary, a computer order entrybasedapplicationtoguidemedicationdose and frequency choices for inpatients with renalinsufficiencywastestedandresulted in a significant improvement in the appropriateness of drug prescription. Provisionofreal-timeadviceindrugprescription may prove to be among the most useful applications of medical informatics technology. Such applications may provide clinicians "a better cockpit" and results in enhanced safety and increased efficiency at minimal cost, with little intrusion into practice.
